Background. Myelosuppression-related infections remain important causes of morbidity and mortality in children with acute lymphoblastic leukemia (ALL).
Emerging epidemiologic evidence shows associations between gut microbiota and overall health [1] [2] [3] . Alterations in gut microbiota affect the immune system and resistance to infection in healthy individuals, adults with acute myeloblastic leukemia or non-Hodgkin lymphoma, and hematopoietic stem cell transplant (HSCT) recipients [4] [5] [6] [7] . Disruption of the gut microbiome by chemotherapy and broad-spectrum antibiotics may facilitate domination by a single pathogen that can cross the intestinal mucosa to the bloodstream [8, 9] . The diversity and composition of gut microbiome predict infection in adults with cancer [5, 6, [8] [9] [10] . Although one study [11] showed that children with cancer had less-diverse gut microbiota than their healthy siblings, the relevance of the microbiome to the outcome of antineoplastic therapy in children is unknown.
We hypothesized that changes in the gut microbiome are associated with infection risk in children with ALL. This study examined changes in fecal microbiota in children with ALL before and during chemotherapy and aimed to identify characteristics of gut microbiome that predicted outcomes such as diarrhea, bloodstream infections, or febrile neutropenia (FN).
probiotic exposure, treatment, and outcomes were abstracted from the study database and electronic medical records.
Bloodstream infection was defined as detection of bacteria or fungi in blood cultures obtained for clinical care; diarrhea as ≥3 loose or watery stools in a 24-hour period or a documented clinical diagnosis; fever as an oral temperature >38.0°C persisting for >1 hour; and neutropenia as an absolute neutrophil count ≤500 cells/ µL. Patients were followed from the date of ALL diagnosis until censoring at the first of: end of reinduction II, death, or removal from the Total XVI study because of ALL relapse, HSCT, or other factors.
Sample Collection
Stool specimens were obtained at 4 predefined time points for microbiome analysis: before or within 72 hours after induction chemotherapy initiation (baseline); within 2 weeks after induction completion (postinduction); and at the initiation of reinduction I (postconsolidation) and reinduction II (postreinduction) phases. Samples were frozen at −80°C until DNA extraction.
DNA Extraction, Library Construction, and Sequence Analysis
DNA was extracted by bead beating on a FastPrep instrument (MP Biomedicals, Santa Ana, California) followed by genomic DNA extraction with a FastDNA kit (MP Biomedicals). The V1-V3 region of the bacterial 16S rRNA gene was amplified using a NEXTflex 16S Amplicon-Seq Library Prep kit (Bioo Scientific, Austin, Texas). The multiplexed products were used for highdepth sequencing on the Illumina Mi-seq platform. The quality of raw 16S ribosomal RNA (rRNA) pair-ended reads (300 bp ×2) was examined by FastQC, and low-quality read ends (quality score <20) were trimmed with Trim Galore [14, 15] . The reads were subsequently merged with PANDAseq and processed with QIIME [16, 17] . The average read depth is 133 290 (median, 147 411). The closed-reference mapping protocol of QIIME was used for operational taxonomic unit (OTU) assignment at 97% sequence similarity, using the UCLUST algorithm [18] . A representative sequence was selected from each OTU for taxonomic assignment with the Greengenes database [19] . Using the OTU table, alpha diversity estimates (Shannon, Simpson, and Chao 1 indices) were calculated using R phyloseq [20] . Rarefaction curves were generated for number of sequences per sample (Supplementary Figure 1) .
All sequence read files are accessible through the National Center for Biotechnology Information (project accession number PRJNA449103).
Statistical Analysis

OTU Assignment
All samples were included in the analysis. OTUs were grouped in 14 taxa based on frequency (Supplementary Figure 2) .
Changes in Microbiota Diversity and Composition During Chemotherapy
A linear mixed-effects model examined changes in the diversity indices using SAS version 9.4 software (SAS Institute, Cary, North Carolina). For microbiome compositional change, a mixed-effects negative binomial regression model was used [21] . The P value was adjusted for the false discovery rate with the Benjamini-Hochberg method [22] and reported as Q value.
Effect of Antibiotics and Probiotics on Microbiome
Antibiotic prophylaxis against pneumocystis pneumonia was excluded from analysis because of ubiquitous exposure. Because all patients received other antibiotics during the study, exposure was calculated as the proportion of days receiving antibiotics for each chemotherapy phase. Correlation between antibiotic exposure and change in diversity was evaluated using Spearman rank test, and change in dominance of Bacteroidetes was tested using Fisher exact test. Probiotic use was analyzed using a Swimmer plot.
Impact of Baseline Microbiota on Infection Outcomes
For initial risk stratification at the time of ALL diagnosis, the Wilcoxon-Mann-Whitney test and logistic regression were used to assess potential risk factors for subsequent infection occurring at any time during the study period, including the baseline microbiome. For each taxon whose relative abundance (RA) significantly differed among patients who had or did not have the event, the RA was dichotomized at the optimal cutoff value based on the Youden index. Factors with a P value of <.1 in univariate analysis were examined by multiple logistic regression. The cumulative incidence of outcomes was compared among risk factors with Gray test.
Microbiota Composition Type Assignment
The "community state" refers to the RA of taxa in a stool sample at a specific time point. The "microbiota composition type" is a cluster of community states with similar microbiota composition. The community states were grouped using hierarchical clustering of the Jensen-Shannon divergence matrix, which assesses beta diversity and the optimal number of clusters [23] , and ward linkage and presented as a heat map [21] .
Modeling Association Between Microbiota and Infection Outcomes
To evaluate the effect of the time-dependent microbiome on the recurrent infection outcomes throughout all courses of chemotherapy, Anderson-Gill proportional hazards models were adopted [24, 25] . ALL risk level, Shannon diversity index and microbiome composition at the collection time point, and the chemotherapy phase were treated as time-dependent predictors. To assess sensitivity of the results, a bootstrap method (with 10 000 replicates) was used to examine the association between Enterococcaceae or Streptococcaceae dominance and subsequent infections. Dominance was defined as an RA of ≥30% [9] .
RESULTS
Patient Characteristics and Infection Outcomes
A total of 199 children provided 406 stool samples (Table 1) . Twenty-six patients (13%) had 31 episodes of bloodstream infection, 122 (61%) had 248 FN episodes, and 73 (37%) had 112 episodes of diarrheal illness ( Table 1) . Characteristics of patients with samples at each time point are shown in Supplementary Table 1 .
Changes in Gut Microbiota Diversity
Microbiome diversity significantly decreased from diagnosis to the end of induction Although there was no significant difference between the diversity indices at baseline and postconsolidation or between those at postinduction and postreinduction, the index at postreinduction was significantly lower than that at baseline (P < .001; Figure 1 ), suggesting that induction and reinduction chemotherapy reduced the gut microbial diversity. Similar results were shown across all alpha diversity indices (Supplementary Figure 3) .
Changes in Gut Microbiota Composition
Compared to baseline, the mean log RA of Bacteroidetes, Faecalibacterium species, Ruminococcaceae, Actinobacteria, and Verrucomicrobia significantly decreased in at least one of the postchemotherapy samples (Figure 2 and Supplementary  Tables 2 and 3 ). In contrast, the mean log RA of Clostridiaceae, Streptococcaceae, Lactobacillaceae, Enterococcaceae, and other Firmicutes significantly increased after chemotherapy (Figure 2  and Supplementary Tables 2 and 3 ). Although mean diversity of the postconsolidation samples did not differ significantly from that of the baseline samples nor did the diversity of the postinduction samples compared to postreinduction samples, the gut microbiome composition changed significantly. The diversity at postconsolidation reverted back to baseline level, but the composition was different.
Effect of Antibiotics and Probiotics on Microbiome
Impact of antibiotics on microbiome changes was examined for patients who had stool specimens collected before and after each phase of chemotherapy. Antibiotic exposure was not significantly associated with changes in diversity for any chemotherapy phase (Supplementary Table 4 and Supplementary Figure 4) . Similarly, no significant association was found between cumulative antibiotic exposure and change in dominance of Bacteroidetes (Supplementary Table 5 ). Due to the small number (n = 10) of patients who received probiotics at any time, the findings regarding microbiome changes are unlikely to be affected by probiotics (Supplementary Figure 5) .
Using the Baseline Microbiome to Predict Any Infection Throughout Therapy
The relationship between baseline microbiome at the time of ALL diagnosis and subsequent development of infection during chemotherapy was characterized. Figure 3 and Supplementary Table 7 ). In summary, the composition, rather than diversity, of baseline gut microbiome was an independent predictor of FN during chemotherapy.
Patients presenting at ALL diagnosis with Proteobacteria RA ≥0.01% had a 67% chance of developing FN. The differences found in similar analyses of bloodstream infections and diarrheal illness were not significant (data not shown).
Infections During a Course of Chemotherapy Associated With Gut Microbiome at the Start of That Course
Using all stool samples collected at all 4 time points to generate a heat map and hierarchical clustering, 5 meaningful clusters of composition type were identified: Bacteroidetes-dominant (type 1); dominance of other Firmicutes or Clostridiaceae (type 2); dominance of Enterococcaceae, Streptococcaceae, Lactobacillaceae, or Proteobacteria (type 3); Blautia species dominant (type 4); and even distribution of taxa (type 5) (Figure 4 ). The distribution of the 4 stool-sample time points and the infection outcomes in each cluster are shown in Supplementary  Tables 7 and 8 . Forty percent of baseline samples were dominated by type 5 cluster and 49% by Bacteroidetes (type 1 cluster). This dominance by Bacteroidetes has previously been shown in the gut microbiome of healthy children and adults [26, 27] . These 5 microbiota composition types at any of the 4 time points, along with diversity, chemotherapy phase, ALL risk level at the time of sample collection, age at ALL diagnosis, sex, and race, were tested to identify risk factors for infection outcomes during chemotherapy phase subsequent to the stool collection time point. Supplementary Table 10 shows that ALL risk level, chemotherapy phase, and time-dependent microbiome composition type were all associated with infection. FN episodes and diarrheal illness were more likely to occur during induction. Similarly, high-risk ALL was significantly associated with an increased risk for diarrheal illness, as compared to standard-risk ( The relative abundance (RA) of Proteobacteria in the baseline gut microbiota at acute lymphoblastic leukemia diagnosis is associated with increased cumulative incidence of first episodes of febrile neutropenia. The estimated hazard ratio was 2.12 (95% confidence interval, 1.22-3.69; P = .008) for a Proteobacteria RA of ≥0.01 vs an RA of <0.01%, adjusting for gender. P = .011). We found no significant association between ALL risk level and FN. Microbiome diversity, age, sex, and race were not associated with FN or diarrheal illness.
Adjusting for chemotherapy phase and ALL risk level, a type 3 gut microbiome composition at any time point was a significant risk factor for FN, diarrheal illness, and any infection outcome ( Figure 5 Figure 5A ). Similarly, type 3 composition was significantly associated with higher risk for diarrheal illness compared with type 1, type 2, type 4, and type 5 ( Figure 5B) . Diversity was not significantly associated with infection outcomes. We also found no significant association with the time-independent factors, age, sex, and race (data not shown).
Characterization of Type 3 Microbiome Composition
Most (79%) of the fecal samples in the type 3 composition cluster had dominance of Enterococcaceae or Streptococcaceae. Of 14 patients with dominant Enterococcaceae, 7 (50%) developed subsequent infection, as did 4 of 5 (80%) patients with dominant Streptococcaceae (Supplementary Table 11 (Table 2) . Thus, a gut microbiota dominated by Enterococcaceae or Streptococcaceae is associated with subsequent infections.
Validation of Enterococcaceae or Streptococcaceae Dominance as Infection Predictor
A bootstrap method confirmed that patients with a gut microbiome dominated by Enterococcaceae or Streptococcaceae had a significantly higher risk of diarrheal illness and any infection outcome (Supplementary Figure 6A and 6B) . Patients with Enterococcaceae or Streptococcaceae dominance also had a higher but nonsignificant risk of FN (Supplementary Figure 6C) . In summary, the performance of Enterococcaceae or Streptococcaceae dominance as a predictor was validated for diarrheal illness and any infection outcome, and showed a strong trend toward predicting FN.
DISCUSSION
Our study is the first to evaluate changes in the diversity and composition of gut microbiome and its role in predicting infections in a large cohort of children with ALL.
Diversity decreased significantly after intensive induction and reinduction chemotherapy, despite a rebound after recovery from induction. The decreased microbial diversity after immunosuppressive and myelosuppressive treatment is consistent with studies in adult HSCT recipients and acute myeloblastic leukemia or non-Hodgkin lymphoma [5, 9, 28, 29] ; however, the only other pediatric study to date [11] detected increases in gut microbial diversity during chemotherapy. Although both studies sequenced the V1-V3 regions of the 16S rRNA gene, their divergent findings might be explained by differences in the chemotherapy regimens, antibiotic use, methods of sample preparation and sequencing, data analysis methods, or time points for stool collection.
Although the empirical diversity index recovered to levels similar to those of baseline, this renewed diversity was characterized by a different microbiotal composition. In contrast to the studies in adults, we found that microbiota composition, but not diversity, was independently predictive of infections during chemotherapy. As previously reported [26] , the baseline microbiome was dominated by Bacteroidetes; which decreased after chemotherapy. A reduction in Bacteroidetes has been linked to human disease [30] . The metabolic function of some of these bacterial taxa was explored in pathogenesis studies [28, 31] . For example, Ruminococcaceae and Faecalibacterium species have been implicated in anti-inflammatory effects and may maintain intestinal epithelial integrity [31] . The loss of the protective effect of these taxa after chemotherapy might compromise gut integrity and increase the risk of bacterial translocation into the bloodstream.
On the other hand, the RA of bacterial taxa that commonly infect immunocompromised patients, such as Streptococcaceae and Enterococcaceae, increased significantly after chemotherapy. This is consistent with a study evaluating 94 adult HSCT recipients whose gut microbiota became dominated by Enterococcus species, Streptococcus species, and Proteobacteria [9] . Studies have demonstrated that gut microbial communities recover after resolution of perturbing factors [10, 32, 33] . We saw no such recovery of gut microbiota composition at the 3 time points of stool sampling during chemotherapy. We found no association between antibiotic exposure and microbiome changes. As shown in Supplementary Figure 4 , all patients received antibiotics during induction chemotherapy, and the majority did during consolidation and/or reinduction. It is not clear whether the change in microbiome is due to antibiotics or the chemotherapy itself. We believe that the confounding between antibiotic administration and the chemotherapy makes it difficult to isolate an effect of antibiotics alone on the microbiota. It would be interesting to examine these patients' microbiomes after completion of chemotherapy and resolution of their immunosuppressed state.
We have shown that the composition, but not diversity, of gut microbiota is a significant predictor of infections. Presentation with a gut characterized by Proteobacteria at ALL diagnosis significantly predicted FN during chemotherapy. The Proteobacteria phylum of gram-negative bacteria includes Enterobacteriaceae, Pseudomonas species, and other bacteria commonly causing infections in immunocompromised patients. The importance of Proteobacteria as markers of imbalanced gut microbiota and increased risk for disease has been previously documented in immunocompetent and immunocompromised patients [9, 10, 34] .
In addition to the baseline gut microbiome, characterization of the microbiome composition before each phase of chemotherapy independently predicted infections during the upcoming phase. Adjusting for chemotherapy phase and ALL risk level, domination of the gut by Enterococcaceae or Streptococcaceae predicted subsequent FN or diarrheal illness. This is consistent with adult studies showing that an increased abundance of certain taxa (Proteobacteria, Enterococcus species, and Streptococcus species) was associated with subsequent bloodstream infections and mortality [9, 35] .
Our study included the largest pediatric ALL cohort with gut microbiome evaluation, and it represents the most comprehensive analysis of the microbiome's relation to infections. However, it did not adjust for additional factors that might contribute to changes in gut microbiota, including diet, ethnicity, body mass index, residence geographic location, and pet exposure. Also, not all patients provided stool samples at all 4 time points.
In conclusion, we have shown that microbiome composition can be used as an infection risk stratification tool at the time of presentation with ALL diagnosis. If validated, evaluations of the gut microbiome at the onset of chemotherapy could be used to determine biomarkers of the clinical course during chemotherapy. Our findings emphasize the need for enhanced understanding of microbiome in children with cancer during chemotherapy to design targeted microbiome-based diagnostic and biomarker tools. Therefore, once a patient is identified at risk for infections, customized treatment regimens could be designed to mitigate this risk by selectively manipulating the gut microbiota composition using customized probiotics, fecal microbiota transplant, modified diet, or other innovative approaches. However, more studies are needed. Our findings can guide the design of future studies to evaluate the performance of microbiota biomarkers and the proposed treatment regimens that modify gut dysbiosis.
